In a Monte-Carlo Hauser-Feshbach statistical framework, we describe spectra, average multiplicities, average energy and multiplicity distributions of the prompt γ rays produced in the thermal neutron-induced fission of 235 U and 239 Pu, and the spontaneous fission of 252 Cf. Comparisons against recent experimental data show reasonable agreement in all cases investigated, after adjustment of the initial spin distribution in the fission fragments. In particular, when we include in the calculation the Doppler broadening we obtain a qualitatively good description of the measured low-energy spectra, where contributions from collective discrete transitions in specific fragments can be identified. At higher energies, both the calculated neutron and γ-ray spectra are softer than experimental data. The impact of selected model parameters on the prompt neutron and γ-ray spectra is analyzed. Finally, we present prompt γ spectrum and multiplicity distribution for the neutron-induced fission of 235 U for 5.5 MeV neutron incident energy, just below the threshold for second-chance fission.
In a Monte-Carlo Hauser-Feshbach statistical framework, we describe spectra, average multiplicities, average energy and multiplicity distributions of the prompt γ rays produced in the thermal neutron-induced fission of 235 U and 239 Pu, and the spontaneous fission of 252 Cf. Comparisons against recent experimental data show reasonable agreement in all cases investigated, after adjustment of the initial spin distribution in the fission fragments. In particular, when we include in the calculation the Doppler broadening we obtain a qualitatively good description of the measured low-energy spectra, where contributions from collective discrete transitions in specific fragments can be identified. At higher energies, both the calculated neutron and γ-ray spectra are softer than experimental data. The impact of selected model parameters on the prompt neutron and γ-ray spectra is analyzed. Finally, we present prompt γ spectrum and multiplicity distribution for the neutron-induced fission of 235 U for 5.5 MeV neutron incident energy, just below the threshold for second-chance fission. Properties of prompt fission neutrons and γ rays, emitted before the weak decays of the fission fragments toward stability, are important for both nuclear technologies and a better understanding of the fission process. Significant effort has been directed to the study of prompt fission neutron properties [1] [2] [3] [4] [5] , in particular the average spectrum and multiplicity, but the properties of the prompt γ rays have been less studied. Hence, uncertainties on nuclear data needed for fast reactors are large, given that even in the well known thermal power reactors, the local γ heating can be under predicted by up to 30% [6] . The model used in this paper, based on a Monte-Carlo implementation [7, 8] of the statistical theory of Hauser and Feshbach [9] , has a range of applicability well beyond thermal incident energies. However, in this paper, we study in detail the thermal-neutron induced fission of 235 U and 239 Pu, and the spontaneous fission of 252 Cf, where precise experimental data are available for comparison and benchmarking. We also present calculations for the neutron-induced fission of 235 U at 5.5 MeV incident energy, just below the second-chance fission threshold.
The excitation energy of the primary fission fragments is released mainly via neutron emission, followed by electromagnetic transitions to a more stable configuration, until a long-lived isomeric state or the ground state is reached. In principle, other particles or even clusters can be emitted, but they are highly suppressed due to Coulomb barrier. Both the neutrons and γ rays produced during the process, before any beta decays, carry information about the structure of the pre-neutron emission fragments. However, unlike the fission fragments, whose properties can be inferred only indirectly, the observables characterizing the prompt products can be directly measured, imposing stringent constraints on theoretical models that predict such observables.
In our approach, we consider each primary fission fragment as a compound nucleus, which de-excite via neutron and γ emissions. The path towards a long-lived state is followed in detail, using the Hauser-Feshbach equations to calculate the emission probabilities of neutrons and γ rays in competition, ensuring total energy conservation, while the spin and parity follow their respective conservation rules. The prompt neutrons carry most of the available excitation energy, but do not significantly modify the initial fragments' angular momenta. The spin is mostly removed by the γ emissions, dominated by statistical dipole transitions at higher energies and quadrupole transitions at low energies. The agreement with the measured prompt γ spectrum [10] [11] [12] [13] [14] [15] [16] is in general good, including a reasonable description of the features observed experimentally at low energies [10, [12] [13] [14] , which are attributed to transitions between discrete levels of specific fragments. We also present in the current paper results for the multiplicity dependent spectrum and compare them against a parameterized model of the γ-ray emissions [15, 16] . Finally, in the regions where the agreement with experimental data is unsatisfactory, we investigate contributions from specific post-neutron emission fragments, in an attempt to diagnose the possible issues. Unfortunately, we cannot identify one single model parameter, or set of model parameters, that could improve our simulations' reliability.
The paper is organized as follows. In Sec. II we describe the Monte Carlo Hauser-Feshbach (MCHF) approach, discussing selected parameters and their expected influence on observables in Sec. III. In particular, we investigate the effect of the initial excitation energy sharing and spin distributions of the fission fragments, and energy cuts imposed by experimental constraints on prompt γ-ray average spectra and multiplicity. In Sec. IV we present in detail the results of our simulations which include average neutron and γ-ray multiplicity, average spectra, and average multiplicity and energy distri-butions. We summarize and discuss future developments in Sec. V.
II. MODEL OVERVIEW
The Monte Carlo method used to simulate sequential emission of particles from excited fission fragments has been discussed in previous publications [1, 2, 4, 8, [17] [18] [19] . In our implementation, we make a couple of simplifying assumptions:
(i) particles are emitted only after the fission fragments have reached full acceleration;
(ii) no neutron is emitted during the nuclear system's evolution from saddle to scission, nor at the neck rupture;
The evidence for particle emission during the acceleration phase is not convincing, and recent work [20] has shown that the earlier interpretations of the observed neutron angular distributions are incorrect and should take into account the role of the moving fission fragments on the emission angles of the neutrons. It is highly probable that neutrons are emitted at scission, but with current information it is difficult to quantify their effect. Other observables, not discussed in this publication, could lead to a better understanding of this open question. We further assume that the fully accelerated fission fragments can be treated as compound nuclei that can be modeled in a Hauser-Feshbach formalism. Thus, we bypass the complicated description of the scission process, and start the simulation by performing a Monte Carlo sampling of pre-neutron emission fission fragments from the yields as a function of mass (A), charge (Z), and total kinetic energy (TKE), denoted by Y (A, Z, TKE). This process is non trivial given that no theoretical calculation of Y (A, Z, TKE) exists and no experiment provides complete measurement of this quantity. While phenomenological models have been developed [21] , in the current implementation we often combine experimental information from several sources. Thus, data on fission fragment yields and TKE distribution from different experiments is usually supplemented by systematics [22] . For details on how Y (A, Z, TKE) is constructed, see, e.g., Refs. [4, 8] . On the theoretical front, some progress has been reported recently [23, 24] , and in the future we should be able to use such models, if their associated uncertainties prove to be reasonably small.
Once Y (A, Z, TKE) is determined, we use it to perform a Monte Carlo sampling of the primary fission fragments, obtaining a distribution of fragment pairs with fixed charges, masses and TKE. From the energy balance of the reaction, it is a simple exercise to determine the total excitation energy (TXE) available for particle emission in the two fragments. In the case of neutroninduced fission, TXE is given by
where M n (A l , Z l ) and M n (A h , Z h ) are the nuclear masses of the light and heavy fragment respectively, M n (A c , Z c ) is the mass of the compound fissioning nucleus, E inc is the energy of the incident neutron, and B n (A c , Z c ) is the binding energy of the neutron in the fissioning nucleus. For spontaneous fission, the energy associated with the incoming neutron in Eq. (1) is not present, so that T XE is simply obtained from
and a similar equation determines TXE in the case of photofission, by adding the energy of the incoming photon to the energy balance. For both the spontaneous and γ-induced fission, the compound nucleus is the initial fissioning nucleus.
In order to start a Hauser-Feshbach simulation for each fragment, more information is required. This includes the initial excitation energy, initial spin and parity of each fragment. We simply assume that the parity distribution is equiprobable for positive and negative parities, but the problem of determining the partitioning of excitation energy sharing is more complicated and phenomenological models have been developed [4, 21, [25] [26] [27] . Similarly, for the initial spin distribution we use a simple model [28] .
Because neutron emission is favored as long as the excitation energy is above the neutron separation energy, the available excitation energy in each fragment influences mostly the neutron observables. Hence, the average neutron multiplicity as a function of mass, for which some experimental data exist, can be used to constrain the theoretical models of energy sharing. In our approach, the energy sharing between the two fragments is parameterized by means of the ratio of the temperatures between light and heavy fragments, R T = T l /T h . In the Los Alamos model [25] , the initial assumption was that the two fragments are produced in thermal equilibrium, hence R T = 1. Ohsawa and Shibata [29] obtained an improvement in the description of the prompt neutron spectrum by releasing the thermal equilibrium constraint and considering a mass-dependent ratio. In current calculations, R T is also mass-dependent, and was fixed by fitting the ratioν l /ν h as a function of the fragment mass in a Weisskopf formalism [4] .
The remaining unknown necessary to perform the Hauser-Feshbach simulations is the initial spin distribution of the fission fragments. While the spin cannot be directly measured experimentally, attempts to extract an average value have been done in the past from other fission observables like isomer production ratios [30, 31] , γ-ray de-excitation feeding patterns of the ground-state bands [32] and angular anisotropy of prompt-fission γ rays [33] . However, the extraction of the initial spin remains model dependent and often rely on simplified statistical models [34, 35] , in which γ emission is modeled by means of counting and angular momentum algebra [34] . Moreover, our calculations have shown that in practice the large uncertainties in the experimental isomer production ratios, or the incomplete determination of the nuclear structure of the post-neutron emission fragments, which are predominantly far from stability, render very difficult the precise determination of the average angular momentum of the initial fragments [36] . Even in the simpler case of thermal neutron capture calculations are only in fair agreement with the experimental data [36] .
In the absence of detailed information about the spin distribution, we assume that this is given by a Gaussian [28] 
where the spin cutoff parameter B is defined in terms of the fragment temperature T and the ground-state moment of inertia I 0 (A, Z) of the fragment with mass A and atomic number Z
with α an adjustable parameter that we can fit to reproduce selected observables. Unlike in our previous publication [36] , where we have attempted a determination of α from experimental information on isomer production ratios for selected isotopes, in this paper we consider α as a global parameter chosen to obtain the best description of the existing data on γ-ray spectra and multiplicity only. However, we have to point out that although α controls the angular momentum, which has little influence on the neutron emission, a weak dependence on the neutron average multiplicity (ν) still exists. This is due to the competition between neutron and γ emissions, which increases with increasing the angular momentum (see Fig. 4 in Ref. [8] ). And becauseν is a very precisely measured quantity, a fine tuning of α is required for a good description of this quantity. In Sec. IV we will investigate the dependence on several γ-ray observables of the parameter α. For applications, we will recommend for each fissioning isotope the values that best describe measured quantities of interest, even if other observables might not be as well reproduced. Once the initial conditions are fixed for each fragment, we use the Hauser-Feshbach statistical approach to model the de-excitation to a stable configuration. Thus, in the fragment's fixed system, the probability to emit a neutron of energy ε n is given by
while the probability to emit a photon with energy ε γ by
Here E is the pre-neutron/γ emission excitation energy of the nucleus characterized by mass and atomic numbers A and Z respectively, S n is the neutron separation energy. ρ stands for the density of states for the same nucleus (if a γ ray is emitted) or in the daughter nucleus (if a neutron is emitted), while T n,γ are the transmission coefficients for neutron/γ emission. In the case of neutrons, the transmission coefficients are determined from an optical potential model, and in this investigation we use the global optical potential of Koning and Delaroche [37] . For γ rays, the transmission coefficient is extracted from the γ-ray strength function f γ (ε γ ) assuming the Brink hypothesis [38] and using the Kopecky-Uhl formalism [39] T
where L is the multipolarity of the electromagnetic transition. We consider only E1, M 1 and E2 transitions, employing the standard RIPL-3 parametrization [40] of the strength functions. For the transitions between the discrete levels, we use the experimental branching ratios available in the RIPL-3 compilation [40] . Finally, the nuclear density of states is constructed in the GilbertCameron formalism [41] . For a given initial excitation energy, the total transition probability into all available states is normalized to one, and then, from the probability distribution, we sample the final state and implicitly the emitted particle. The particles are emitted sequentially until a stable configuration is reached, either in the form of the ground state, or a long-lived isomer.
As most quantum systems, the energy spectrum of each nucleus is in general composed of the discrete and continuum regions. We use the available experimental discrete levels, including the decay branching ratios, to model the discrete region. Above the last known discrete level we simulate the continuum using the level density formalism, matching the level densities to the discrete levels. The separation between the two zones highly depends on the level of experimental information. Because the fission fragments are created far from stability, the information is often restricted to just a handful of states, and frequently the spin or/and parity assignments are uncertain or completely missing. This can cause problems during simulation, because the spin is removed mainly by γ emission, as mentioned earlier. Thus, if we start with a high spin, as it seems to be required to obtain good agreement withν [8] , one often reaches the discrete-continuum boundary in a state with large angular momentum, which would require a large electromagnetic multipolarity for a transition to a known discrete level. Because that would be unlikely, low-energy γ rays are emitted in the attempt to reduce the spin. This artificially increases the lowenergy γ emissions, thus increasing the average multiplicity. Our solution is to bypass the low probability of high multipolarity electromagnetic decays and force the transition on the state with the closest spin available. This issue is amplified by the uncertainty in spin assign-ment of the experimentally determined discrete states. Hence, including continuum-to-continuum or continuumto-discrete γ rays with energies below about 100 keV reduces the reliability of our predictions. Motivated by this issue, and by the fact that experimentally it is difficult to measure γ rays below 100 keV, we exclude those from the analysis. However, we will show in the next section how our results for the average multiplicity in particular depend on the threshold. Thus, any meaningful comparison with experimental data has to take into account the energy interval in which the γ rays have been measured.
III. SENSITIVITY TO SELECT PARAMETERS
As discussed in the previous section, the MCHF description is phenomenological, relying on a large number of parameters. Some of them are "fixed" from systematics, like those describing the nuclear level densities, other can only indirectly be determined from their influence on fission observables. In this section, we investigate the sensitivity of selected observables to the choice of two important parameters that model the excitation energy sharing, R T , and the initial angular momentum distribution, α. In addition, the influence of the low-energy cut, E cut , on the average γ-ray multiplicity is explored. For illustration we will show results only for 235 U(n th , f ), but the conclusions are general to all the reactions presented in the current investigation.
We start with the internal energy sharing, parameterized by the ratio between the light and heavy fragment temperatures, R T . This parameter has little influence on global quantities, like the average total neutron multiplicity, or on γ observables, but it is essential in describing the mass dependence on the neutron observable. The excitation energy of each fragment is most efficiently released via neutron evaporation, until the excitation energy of the compound nuclei reaches the neutron separation energy. In that case, because the neutron emission becomes energetically impossible, the γ emission can proceed. The competition between neutrons and γ rays, which depends on the fragment's spin, sets the threshold for γ emission slightly above the neutron separation energy, but in general γ rays are seldom produced before neutrons. Hence, the total energy released via γ emission is about the same, no matter how the internal energy is shared, as long as the two fragments are excited above the separation energy. This heuristic argument is demonstrated in Fig. 1 , where we present the average prompt γ multiplicity (a) and energy (b) as a function of the fission fragment mass number with two inputs for R T : fixed R T = 1 (thermal equilibrium between the fragments), and R T (A). For better illustrating the differences between the two calculations, we plot the ratio between their respective results. Since the ratio is close to one, with up to a 10% deviation, these observables are insensitive to the choice of R T . This is in contrast with average prompt-neutron multiplicity (a), for mass fragments 90-106 and 130-145 where the production yields are significantly larger than in the symmetric region. The parameter R T controls the excitation energy sharing between the two fragments. While the excitation energy is strongly related to the multiplicity, the neutron energy depends on the temperature of the fragments, and, thus, shows a weaker dependence on R T . Another parameter that plays an important role in our simulations is α, which controls the initial angular momentum distributions of the primary fission fragments. In this case, for the same R T (A), calculations with different α show up to a 10% in the prompt neutron observables presented in Fig. 3 . Moreover, the average neutron multiplicity varies slowly with α. The reason is that the neutron emission is only weakly influenced by the angular momentum, because it controls the competition between neutrons and γ rays [42] . To quantify the dependence, we have performed a quadratic fit, which givesν(α) = 0.003 α 2 − 0.25 α + 2.83 for 235 U(n th , f ). This α dependence, while weak, shows that a good description ofν in this case is achieved for α ≈ 2. However, in order to better reproduce properties of the γ-ray spectra, especially the high-energy tail, we will choose smaller values for α, as argued in Sec. IV.
Increasing the initial angular momentum of the fission fragment will produces more γ rays along the path to a stable configuration. In Fig. 4 we show that increasing α, and, hence, the average initial angular momentum, increases the number of γ rays emitted by each fragment, by up to 40% for the initial fragments with significant yields. Hence, since the total available γ energy is the same we observe a decrease in the average γ-ray energy. Figure 5 , representing the prompt γ multiplicity distribution, also illustrates an increase in the average prompt γ multiplicity caused by the larger initial average angular momentum. Thus, the average γ multiplicity increases from about 4.85 for α = 0.5 to about 7.91 for α = 2. We compare our results against the negative binomial model, which was proven to reproduce reasonably well the experimental data. In this model, the multiplicity probability distribution P (N γ ) is given by [43] 
with β and p parameters determined from a fit to the experimental data. In this approach, β is related to the width of the distribution, while p is a function of β and the average multiplicity. It is difficult to obtain a good agreement with the negative binomial model if one uses the parameters of Valentine [43] , as the multiplicity probability is very sensitive to the cutoff energy below which no γ rays are observed experimentally. Valentine relied on the available average γ multiplicity information at the time to extract his parameters, basing his fits on the data by Pleasonton [11] , and Verbinski [12] . These data have a threshold of 90 keV and 140 keV, respectively, with comparable time-coincidence windows from the fission event of 5 ns and 10 ns respectively. In particular, Pleasonton data [11] is not compatible with the Peelle [10] and Oberstedt [14] measured multiplicities. As we will show below, the multiplicity, and, hence, the multiplicity distribution, are very sensitive to the threshold energy. We have also fitted the negative binomial model to our α = 1.7 calculation, shown in Fig. 5 with a continuous line. In Table  I we give the values of our parameters for the different reactions included in the paper. The multiplicity distribution obtained using the parameterized model of Jandel et al. [15, 16] requires a considerably smaller value of α, which would be incompatible with the successful description of other observables. However, the PM data follow more closely the Valentine evaluation. The effect of α on the prompt γ energy spectrum is shown in Fig. 6 where we plot the ratio of the spectra for α = 0.5, 1.0, 1.5, 2.0 to the spectrum obtained with α = 1.7. It is difficult to quantify exactly what produces fewer γ rays at low energies for α = 0.5 compared with α = 1.7, as the results are depend on the level densities, strength functions and initial angular momentum in a large number of nuclei. While we do expect more γ rays with increasing the initial angular momentum, we cannot predict how those are distributed. The only artifact of our calculation was discussed in the previous section, and it regards the emission of low-energy γ rays at the threshold between the continuum and the discrete spectra. To eliminate those, we impose a cutoff energy E cut . Unless otherwise noted, we will present results for E cut = 100 keV.
The threshold is also motivated by the experimental resolution of different detectors, intrinsic to the experimental measurements. In Tables II and III, we present the results for two integral quantities, the average total γ multiplicity per fission and the average γ-ray energy, as a function of the threshold energy E th . We also present experimental results obtained with the same energy threshold of the detectors. In the case of DANCE, we do not present the experimental data, but rather the results of the parameterized model (PM) that was shown to reproduce the experimental data very well [15, 16] . Such a model was constructed to reproduce the total γ-ray energy spectra, and cannot be expected to reproduce the detailed fluctuations observed below 1.5 MeV in experiments [12] [13] [14] and in our calculations of the γ-ray energy spectra. Nevertheless, PM provides a reasonable estimate of the average spectra and we will use it for comparison. This is especially useful in the case of exclusive energy spectra for distinct multiplicities, which can be produced in our simulation and have not been measured in any other experiments. Hence, it can provide a useful test of our model, even though the average multiplicities are systematically underestimated, while the average γ-ray energies are overestimated with respect to the latest measurements in the case of 235 U [14] and 252 Cf [13] respectively.
For the 235 U(n th , f ) reaction, we plot in Fig. 7 the average γ multiplicity and energy as a function of the threshold energy. This shows a strong average γ-ray multiplicity dependence on the threshold energy. In particular at low energies we find a large spread not only for our calculations with different initial average angular momentum, but also for the experimental data. Given the inconsistencies between the experiments, we cannot chose a α value based on the average γ-ray multiplicity alone. Thus, because higher α values produce softer γ-ray spectra, we have chosen α = 1.7 as a compromise value, even though α = 2 gives an average γ-ray multiplicity closer to the Oberstedt measurement. The same value is used for 252 Cf(sf), while for 239 Pu(n th , f ) we employ α = 1.5. However, it should be noted thatν requires about 30% higher values of α in all cases in order to achieve good agreement with the experiment and consistent with higher γ multiplicity.
Finally, another parameter to which both the theoretical simulations and experimental measurements are sensitive is the time coincidence window from the fission event when the γ rays are observed. We have obtained up to a 8% variation when the time window is changed from a few nanoseconds to a few seconds. This dependence is due to the finite halflife of certain states. Throughout The other experimental data considered were measured for similar time windows, with the exception of data by Peelle et. al, for which 69 ns were reported [10] .
IV. RESULTS AND DISCUSSION
In this section, we present results for 235 U(n, f ), 239 Pu(n th , f ) and 252 Cf (sf). In the case of 235 U, we also show selected prompt γ observables for neutron-induced fission with the incident energy of 5.5 MeV.
A. Neutron-induced fission of 235 U
For the thermal neutron-induced fission of 235 U, we used the experimental information obtained with the double-sided Frisch-grid ionization chamber for Y (A, TKE) [44] , complemented by the Wahl systematics for the charge distribution [22] . The global parameter α has been chosen to be 1.7, as argued in the previous section.
In Fig. 8 , we present a comparison of the calculated spectrum for 235 U(n th , f ) against experimental data and the ENDF B-VII.1 evaluation, which is based on the Verbinski data [12] . In order to make a meaningful comparison, we have scaled all the curves so that in the interval 0.3 -5 MeV, they all have the same normalization. The low-energy part of the spectrum shows a remarkable agreement with the data by Verbinski [12] and Oberstedt [14] , dominated by structures arising from transitions between discrete states. This is illustrated in Fig. 9 , where we decompose the theoretical spectrum in contributions from continuum-to-continuum, continuum-todiscrete and discrete-to-discrete transitions. We obtain, however, a small shift toward lower energies for several of the peaks present in the experimental spectrum. The shift is systematic and appears for the other reactions investigated here. Hence, it is unlikely to be explained by small uncertainties in the discrete transitions taken from the RIPL3 database [40] . Further investigations are needed to find the source of the discrepancy.
We observe a reasonable agreement of the calculated spectrum with the experimental data up to 4.5 -5 MeV. At higher energies, we obtain a spectrum that becomes softer than the experiment. Within the current implementation, using a smaller α hardens the spectrum, but other observables, like the average γ multiplicity or average γ energy presented in Tables II and III respectively, are poorly described. Our calculations are in agreement with the parameterized model at high energies, which is remarkable, given the fact that the model was developed for the total energy spectrum.
In Fig. 10 , we present the average multiplicity (upper panel) and average individual γ-ray energy (lower panel) as a function of the fission fragment mass. We obtain the saw-tooth behavior and other features of the average multiplicity observed experimentaly. Thus, around fragment mass 85 we reproduce a drop in the average multiplicity that seems to be present in both the Pleasonton [11] and Albinsson [45] data sets. Reasonable agreement of the Albinsson data can be also observed in the 130-140 mass region, as well as an apparent flattening of the multiplicity in the 140-155 mass region. In our previous publication [8] , we have obtained an almost flat dependence of the multiplicity as a function of mass. The main difference is that in the present work we took into account the available lifetimes of all the states involved in the decay path, as compared to the observation time window, eliminating the transitions that are not likely to occur due to the time constraints. A reasonable description of the average individual γ-ray energy as a function of mass is shown in the lower panel of Fig. 10 , where we reproduce well the peak around mass 130. This feature is a consequence of the decreased density of states around shell closure, which in turn increases the γ energy. Exclusive prompt γ energy spectra for multiplicities 2, 4,... 20, are presented in Fig. 11 , where we compare again our calculation against the results of the parameterized model. We obtain good agreement between all our simulations with different α parameters and the parameterized model for all multiplicities (including those not shown in Fig. 11) . Thus, the agreement shown in this figure does not play a major role in the choice of α.
At the incident neutron energy of 5.5 MeV, we obtain results that are very similar to the case of thermal neu- (Color online) The prompt γ spectrum for 235 U (n th , f ) (upper panel). Our calculation with α = 1.7 is compared against the experimental spectra obtained by Verbinski [12] and Oberstedt [14] , as well as against the parameterized model of Jandel et al. [16] . In the lower panel we present, in linear scale, the low-energy part of the spectrum, where discrete transitions play a major role. continuum-to-continuum continuum-to-discrete discrete-to-discrete total
FIG. 9. (Color online)
The prompt γ-ray energy spectrum decomposed into contributions from the continuumto-continuum, continuum-to-discrete, and discrete-to-discrete transitions. tron. In this case, we have used the pre-neutron emission yields provided by Hambsch et al. [46] . In Fig.  12 we show prompt γ spectra for both the thermal and 5.5 MeV incident neutron energies. The two spectra are very similar up to 4 MeV, while at higher energies the 5.5 MeV neutron spectrum is slightly harder than the thermal one. The multiplicity probability distribution for 5.5 MeV incident neutron energy for different values of α is shown in Fig. 13 , where the results are similar to the ones presented in Fig. 5 . In addition, the average γ-ray multiplicities shown in the legend are very similar to the values presented in Table II , for E cut = 100 keV.
Because the prompt neutrons are emitted before γ rays, we do expect that below the second-chance fission threshold the prompt γ observables will not present a strong dependence upon the incident energy. Most of the differences can come from the dependence on the incident energy of the pre-neutron emission yields and, possibly, from the initial angular momentum dependence on the incident energy. We incorporate, to some extent, an energy dependence in the initial spin distribution by assuming the temperature dependence of the spin cutoff parameter in Eq. (4). But because we have no information regarding α, we have taken the same value of 1.7 as in the case of the 235 U(n th , f ) reaction. If in the case of the 235 U(n th , f ) reaction we have directly used experimental data to determine the yields, for 239 Pu(n th , f ) the yields were reconstructed using partial data of mass-dependent yields and the mass-dependent average kinetic energy and its standard deviation [4] . As for 235 U, the Z-dependence is taken from the Wahl systematics [22] .
Our results for the γ-ray energy spectrum and multiplicity probability distribution are shown in Figs. 14 and 15, respectively. In this case, conform to Tables II  and III , we have chosen α = 1.5, because it provides better agreement with the experimental data for the average multiplicity and photon energy of Verbinski et al. [12] . In addition, because in general a larger α parameter translates into a softer spectrum, and our calculations tend to be too soft at higher energies, we favor in this case a smaller value of α than for the 235 U(n th , f ) reaction. The agreement we obtain with available data is reasonable for the energy spectrum, as it can be inferred from Fig. 14. As before, the spectrum becomes softer than the ENDF/B-VII.1 evaluation, although it remains closer to the parameterized model simulation. For the multiplicity probability distribution shown in Fig. 15 The same Monte-Carlo Hauser Feshbach formalism can be applied to describe properties of prompt neutrons and γ rays produced in the spontaneous fission of 252 Cf. In this case, we have employed the fission yields measured using the double-sided Frisch-grid ionization chamber [44, 46] . As for the previous reactions, we have used the Wahl systematics for the charge distribution [22] . The input parameter that controls the angular momentum has been chosen to be α = 1.7, as for the 235 U(n th , f ) (Color online) The prompt γ spectrum for 239 P u(n th , f ). Our calculation with α = 1.5 is compared with the experimental spectrum measured by Verbinski et al. [12] , as well as with the parameterized model of Jandel et al. [15] . In the lower panel, we present, in linear scale, the lowenergy part of the spectrum, where discrete transitions can be identified as in Fig. 8 . [43] , and the negative binomial model with the parameters fitted to our optimal calculation (see Table I ). We also show the multiplicity distribution for α = 1, which gives the best agreement with the parameterized model and Valentine's evaluation.
reaction. Thus, for this value, our results for the average γ multiplicity and average γ energy are in reasonable agreement with the latest measurements by Billnert et al. [13] , as seen in Tables II and III. Our results are summarized in Figs. 16, 17 , and 18, where we compare our simulation with available experimental data and the parameterized model that describes the DANCE measurements very well. For the energy spectrum of the emitted γ rays, we do not reproduce the same overall quality of the agreement with the spectra of Billnert et al. [13] and Verbinski et al. [12] as for the thermal neutron induced reactions studied in this paper. At low energy, however, we reproduce better than for 235 U(n th , f ) and 239 Pu(n th , f ) the position of the peaks, albeit not always. Around 1.2 MeV, however, our calculation shows a broad peak that cannot be identified in the experimental data or is suppressed in similar calculations [47] that use a different procedure to match the level densities to the available experimental levels. The same broad peak appears in all our simulations presented in this paper, and it could be identified also, within error bars, in the experimental data for 235 U(n th , f ), shown in Fig. 8 . In our simulations a large contribution for this peak comes from a handful of discrete transitions in 135 I, 137 Xe, and 139 Cs. We reproduce well the ENDF evaluated fission fragment yield for 135 I, but underproduce to some extent 137 Xe and 139 Cs. The simulations present the same peaks for different values of α, thus suggesting that the initial angular momentum does not play a significant role in this case, which can be understood, given that the spins of the states involved in the transitions are relatively low. Hence, it is possible that the information about longer-lived states (halflives of the order of nanoseconds) could be incomplete. Similar contributions in the same energy region could come from first to ground-state transitions in 134 Te, but because some higher-lying states have halflives of the order of the experimental time coincidence window, such transitions are suppressed. Finally, we note that the disagreement extends beyond 1.3 MeV, given that our calculation remains high with respect to the measurement up to about 4 MeV. Most of the contributions in this region come from statistical emissions thus making impossible to pinpoint a single culprit for the discrepancy.
In Fig 17, we plot the γ-ray multiplicity probability distribution, which is obtained in better agreement with the parameterized model and the Valentine evaluation than for 235 U(n th , f ) and 239 Pu(n th , f ) reactions. This is a consequence of the fact that the average γ multiplicities for our calculation and these models are in good agreement. The average multiplicity as a function of the initial fragment mass for 252 Cf(sf) is shown in Fig. 18(a) , where we compare our results against data from Pleasonton et al. [11] and from a MPI report [48] . Thus, as in Fig. 10(a) , we obtain a slowly increasing dependence on the initial fragment mass on the average γ multiplicity, while both data sets show a saw-tooth like behavior, more pronounced in the experiment by Pleasonton et al. 252 Cf. Our calculation with α = 1.7 is compared against the experimental spectra obtained by Verbinski [12] and Billnert [13] , as well as against the parameterized model (PM) of Jandel et al. [15, 16] . (b) In the lower panel, we present, in linear scale, the low-energy part of the spectrum, where discrete transitions play a major role. Table I ). A somewhat better agreement can be observed for the average total γ energy per fission event as a function of the light fragment mass presented in Fig. 18(b) . For more asymmetric configurations (A L < 100), the calculations deviate from the experiment, but for masses above 100 we reproduce quite well the data of Nifenecker et al. [49] .
V. SUMMARY AND OUTLOOK
We have presented our Monte Carlo Hauser-Feshbach simulations for selected quantities characterizing the prompt γ rays produced in several neutron-induced and spontaneous fission reactions:
235 U(n th , f ), 239 Pu(n th , f ) and 252 Cf(sf). We have presented results for the induced fission of 235 U with neutrons at 5.5 MeV incident energy, just below the second-chance fission threshold. The results for the energy spectra are in quantitatively good agreement with available experimental data. We were able to reproduce with fair accuracy the features in the spectrum arising from discrete transitions between low-lying states, although we observe a systematic shift from the experiment in the position of the peaks. Such low-energy structure of the spectra can be described only within the framework of the Hauser-Feshbach model that includes in the simulation experimental information about the branching ratios for transitions between lowenergy states in fission fragments.
The Hauser-Feshbach model requires the use of a large number of adjustable parameters. Those are taken from systematics usually developed for long-lived nuclei. Thus, extrapolating the parameters to short-lived nuclei can translate into larger uncertainties. For other input, the experimental information is indirect. This is the case of the energy sharing mechanism, for which we adopt a simple model fitted to reproduce neutron observables. Similarly, no direct experimental information exists for the initial spin distribution of the primary fission fragments. Because the γ observables are very sensitive to the initial spin, we have adjusted our initial spin distributions to obtain the best agreement with the experiment for the average γ multiplicity, average γ energy and spectra. The neutrons are not completely insensitive to the spin, because a larger spin favors stronger neutron-γ competition. And even if their dependence on the spin parameter is weak, our calculations do not reproduce concomitantly both the neutron and the γ observables for the same initial spin distribution. For neutron observables, such as ν, it is preferable to increase the neutron-γ competition; this in turn can produce too many γ rays and worsen the description of γ observables. Such behavior suggests that using a global α parameter is an over-simplification, and a more realistic spin distribution is required.
Our approach is ideal for modeling correlations between the emitted particles, and can be used to extract exclusive quantities. In this paper, we have presented for the first time the multiplicity-dependent γ spectra, comparing our results with the parameterized model. The two simulations are in very good agreement. Furthermore, we can decompose the spectrum (and other observables) in precise contributions from individual fragments, which can help to estimate fission fragment yields. This approach is complementary to other theoretical [23, 24] and phenomenological [21] models developed for obtaining and improving the knowledge of the primary fission yields. Finally, the exclusive spectra can shed light on the quality of our calculations. In our current implementation, we reproduce qualitatively, but not quantitatively, trends observed in the exclusive experimental spectra stemming from specific initial fission fragments [50] .
We currently work on extending our investigations to more fissile nuclei and higher neutron incident energy, up to 20 MeV. Data on primary fission fragment yields will be available from recent measurements with the SPIDER detector at LANSCE [51] and provide more reliable input to our calculation. Other improvements will include a more realistic initial spin distribution of the fission fragments, a more detailed model for the energy sharing between fragments.
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